Axon branching plays a critical role in establishing the accurate patterning of neuronal circuits in the brain. However, the mechanisms that control axon branching remain poorly understood. Here we report that knockdown of the brain-enriched signaling protein JNKinteracting protein 3 (JIP3) triggers exuberant axon branching and self-contact in primary granule neurons of the rat cerebellar cortex. JIP3 knockdown in cerebellar slices and in postnatal rat pups in vivo leads to the formation of ectopic branches in granule neuron parallel fiber axons in the cerebellar cortex. We also find that JIP3 restriction of axon branching is mediated by the protein kinase glycogen synthase kinase 3␤ (GSK3␤). JIP3 knockdown induces the downregulation of GSK3␤ in neurons, and GSK3␤ knockdown phenocopies the effect of JIP3 knockdown on axon branching and self-contact. Finally, we establish doublecortin (DCX) as a novel substrate of GSK3␤ in the control of axon branching and self-contact. GSK3␤ phosphorylates DCX at the distinct site of Ser327 and thereby contributes to DCX function in the restriction of axon branching. Together, our data define a JIP3-regulated GSK3␤/DCX signaling pathway that restricts axon branching in the mammalian brain. These findings may have important implications for our understanding of neuronal circuitry during development, as well as the pathogenesis of neurodevelopmental disorders of cognition.
Introduction
The branching pattern of an axon defines the spatial distribution of its outputs, specifying the landscape for potential sites of connectivity with postsynaptic partners. Axon branching both establishes general targets of innervation and sculpts on a finer scale the field of innervation within a specific target. The restriction of axon branches to appropriate locales is critical for normal neuronal connectivity and is accomplished by regulating the formation and patterning of branches. A key feature of axon branch patterning is self-avoidance, which represents the restriction in overlap of branches within the same neuron. The functional consequences of axon branch number and placement for neural circuits underscores the importance of elucidating the mechanisms that regulate axon branching in the brain.
While the regulation of axon growth has been the subject of intense investigation, much less is known about the molecular control of axon branching. Although a few molecules implicated in axon growth have been found to also modulate axon branching (Kornack and Giger, 2005) , the signaling mechanisms that control axon branching in the mammalian brain remain primarily to be elucidated. Furthermore, the molecular control of selfavoidance of axon branches is poorly understood.
The JNK-interacting proteins (JIPs) comprise a family of signaling proteins first identified for their role in organizing c-Jun N-terminal kinase (JNK) signaling cascades (Whitmarsh and Davis, 1998; Ito et al., 1999; Yasuda et al., 1999; Kelkar et al., 2000) . Among the JIPs, JIP3 is selectively enriched in the brain (Kelkar et al., 2000; Akechi et al., 2001) . The expression of JIP3 is high in axon bundles in the developing rodent brain (Akechi et al., 2001) . Consistent with these observations, JIP3 appears to be enriched within the growth cone in neuronal processes (Verhey et al., 2001; Sato et al., 2004) . The JIP3 orthologs in Drosophila and Caenorhabditis elegans, Sunday Driver and UNC-16, respectively, operate as adaptors for the motor protein kinesin and thereby regulate vesicular transport (Bowman et al., 2000; Byrd et al., 2001) . In other studies, the protein kinase JNK has been implicated in the specification of axons in primary hippocampal neurons and in maintaining the integrity of cortical axon tracts in vivo (Chang et al., 2003; Oliva et al., 2006) . Together, these studies raised the question of whether JIP3 might regulate axon development. Whether and how JIP3 plays a role in axon branching morphogenesis remained unknown.
In this study, we identify a cell-autonomous function for JIP3 in axon branching morphogenesis. Knockdown of JIP3 stimulates axon branching in primary granule neurons and in the rat cerebellar cortex in vivo. Remarkably, the ectopic axon branches in JIP3 knockdown neurons fail to avoid self-contact. Surprisingly, JIP3 appears to inhibit axon branching and self-contact in a JNK-independent manner. Rather, we find that JIP3 regulates axon branching and self-contact via the protein kinase glycogen synthase kinase 3␤ (GSK3␤). We also uncover the X-linked lissencephaly protein doublecortin (DCX) as a novel substrate of GSK3␤. GSK3␤ induces the phosphorylation of DCX at Ser327, which contributes to DCX function in the inhibition of axon branching and self-contact. These findings define a novel JIP3-regulated GSK3␤/DCX signaling pathway that restricts axon branching, thus providing important insights into our understanding of axon branch patterning in the mammalian brain. In addition, because DCX mutations are a cause of inherited mental retardation and epilepsy (Allen and Walsh, 1999) , our findings suggest that deregulation of the JIP3-controlled GSK3␤/DCX signaling pathway and axon branching may contribute to the pathogenesis of neurodevelopmental disorders of cognition.
Materials and Methods
Plasmids. RNA interference (RNAi) plasmids all encode short hairpin RNAs (shRNAs) under control of the U6 RNA polymerase III promoter. The U6/JIP3i, U6/GSK3␤i1, U6/GSK3␤i2, U6/FAKi1, and U6/FAKi2 RNAi plasmids were generated by cloning the following oligonucleotides into a pBluescript vector containing the U6 promoter, with the underlined portion representing the target sequence: U6/JIP3i, 5Ј-CACCGTGATGCTGTCAAATTATTCAAGCTTGAATTTGACA-GCATCACGGTGCTTTTTTTG-3Ј (this sequence is preceded by a G in the vector that is also part of the target sequence); U6/GSK3␤i1, 5Ј-ACATTAAACCACAGAACCTCTTTCGTTAACTGAGGTTCTGTG-GTTTAATGTCTTTTTG-3Ј; U6/GSK3␤i2, 5Ј-ACTCAAGAACTGT-CAAGTAACTTCGTTAACCTTACTTGACAGTTCTTGAGTCTTT-TTG-3Ј; U6/FAKi1, 5Ј-GATCCAATGACAAGGTATATGTTCGTTAA-CGATATACCTTGTCATTGGATCCTTTTTG-3Ј; U6/FAKi2, 5Ј-GCC-AACCTTAATAGAGAAGATTCGTTAACACTTCTCTATTAAGGT-TGGCACTTTTTG-3Ј.
The RNAi-resistant FLAG-JIP3-RES expression plasmid was generated using site-directed mutagenesis to introduce silent mutations in JIP3. Mutations of the RNAi target sequence are denoted by lowercase letters: 5Ј-G CAt aga GAT GCT GTC AAA TTC T-3Ј.
The pmMKO.1/JIP3i and the pU6-puro/JIP3i RNAi plasmids have been described previously (Bayarsaikhan et al., 2007; Hammond et al., 2008) . The DCX RNAi plasmid (psiStrike/DCXi), targeting the 3Ј untranslated region sequence of DCX, and the corresponding control plasmid (psiStrike/Ctrl), containing 3 bp mutations to the DCX hairpin sequence, are described, as is the pCAG/DCX-internal ribosomal entry site (IRES)-green fluorescent protein (GFP) expression plasmid (Bai et al., 2003; Friocourt et al., 2007) . FLAG-DCX/pCDNA3 and glutathione S-transferase (GST)-DCX/pGEX plasmids have also been described previously (Gdalyahu et al., 2004) .
Primary granule neurons. Cultures of cerebellar granule neurons were prepared from postnatal day 6 (P6) rats as described previously (Bilimoria and Bonni, 2008) . For morphology experiments, neurons were transfected by the calcium phosphate method within 1 d of plating and fixed 4 d later. To diminish the possibility that any of the morphological phenotypes observed with our constructs of interest were attributable to effects of these constructs on neuronal survival, we included an expression plasmid for the antiapoptotic protein gene Bcl-xL, which has been shown to have little or no effect on dendritic or axonal morphology in granule neurons (Gaudillière et al., 2004; Konishi et al., 2004) . For biochemistry experiments, neurons were electroporated before plating using the Amaxa nucleofection system and lysed 4 -6 d later.
Immunocytochemistry. Granule neurons were fixed in 4% paraformaldehyde, permeabilized with 0.4% Triton X-100, and then immunostained using the rabbit anti-GFP (Invitrogen), mouse anti-GFP (NeuroMab), rabbit anti-Discosoma red (DsRed, Clontech), mouse anti-Tuj1 (Covance), mouse anti-MAP2 (Sigma), rabbit anti-JIP3 (Santa Cruz Biotechnology), rabbit anti-DCX (Cell Signaling Technology), or mouse anti-GSK3␤ (BD Biosciences) antibody. Nuclei were labeled with the DNA dye bisbenzimide (Hoechst 33258).
Morphological analysis. Images were captured on an epifluorescence microscope and analyzed in a blinded manner using Spot Advanced software (Diagnostic Instruments). Axon tips were defined as terminal points of the primary axon and all of its branches. Self-contact points were defined as any instance in which the primary axon or one of its branches appeared to touch or cross over either itself or any other portion of the axon. Confocal analyses established that points of self-contact observed in the two-dimensional images used for measurements were also detected in single optical sections of three-dimensional image series acquired in 0.4 m step intervals on a 60ϫ objective (data not shown). Primary axon length was measured by tracing the axonal fiber emanating from the soma in a manner that produced the longest continuous path.
Time-lapse imaging. Granule neurons were plated on Lab-Tek II glassbottom chambers (Thermo Fisher Scientific Nunc). Live imaging was performed using a Nikon Ti-E Perfect-Focus microscope equipped with a PerkinElmer Life and Analytical Sciences UltraVIEW spinning-disk confocal system. An environment-controlled chamber maintained the neurons at 37°C, 5% CO 2 . Images were acquired and analyzed using Volocity software (PerkinElmer Life and Analytical Sciences). A 20ϫ objective was used in combination with an automated stage to capture images every 15 min for a period of 1-2 d, starting 24 h after transfection. Neurons were chosen randomly, and, at the start of image acquisition, the axon terminus was positioned at the center of the field.
Organotypic cerebellar slices. Organotypic cerebellar slices were prepared from postnatal day 10 rat pups as described previously (Gaudillière et al., 2004) . Briefly, a tissue chopper was used to cut 400 m sagittal slices, which were maintained on a porous membrane (Millicell) that allows for an air-media interface. Slices were transfected using the Helios gene gun system (Bio-Rad) at day in vitro 4 (DIV4) and fixed at DIV8 in 4% paraformaldehyde and subjected to immunohistochemistry.
In vivo electroporation. P3 rat pups were electroporated as described previously . Animals were killed 5 d after electroporation. Cerebella were fixed in 4% paraformaldehyde, sunk in a 30% sucrose solution, and subsequently frozen in Tissue Tek OCT compound. Cryostat sections were cut coronally at 30 m and immunostained with the GFP antibody. Layers of the cerebellar cortex were identified by staining nuclei with Hoechst.
Real-time reverse transcription-PCR. RNA was extracted from granule neurons using the TRIzol reagent (Invitrogen). The SuperScript III FirstStrand Synthesis System (Invitrogen) for reverse transcription (RT)-PCR was used to prepare cDNA from the extracted RNA. The reverse transcription reaction was conducted at 50°C for 50 min. Real-time PCR was subsequently performed using the LightCycler 480 SYBR Green I Master kit (Roche). The PCR reaction consisted of an initial 95°C incubation for 10 min, followed by 40 cycles of the following sequence: 95°C for 10 s, 60°C for 20 s, and 72°C for 30 s, then acquisition of melting curves and cooling. Primer sequences were as follows: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forward, 5Ј-TGCTGGTGC-TGAGTATGTCG-3Ј and reverse, 5Ј-GCATGTCAGATCCACAACGG-3Ј; JIP3, forward, 5Ј-TGCCTTGGAACAAGAGAAGAAAG-3Ј and reverse, 5Ј-CCACATAGGTCTGGATCATCTCC-3Ј; and GSK3␤, forward, 5Ј-CAAGCAGACACTCCCTGTGA-3Ј and reverse, 5Ј-GTGGC-TCCAAAGATCAGCTC-3Ј.
Immunoblotting. Human embryonic kidney HEK293T cells and neurons were both lysed in 50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 1% Triton X-100. The protease inhibitors aprotinin, pepstatin, leupeptin, and phenylmethanesulfonyl fluoride, the phosphatase inhibitors sodium fluoride, ␤-glycerolphosphate, sodium orthovanadate, and okadaic acid, as well as the reducing agent dithiothreitol were added to this buffer before cell lysis. Lysates were cleared of insoluble material by spinning at maximum speed on a tabletop centrifuge, boiled in sample buffer, and examined using standard SDS-PAGE, followed by Western blotting. The antibodies used were rabbit anti-JIP3 (Santa Cruz Biotechnology), rabbit anti-GFP (Invitrogen), mouse anti-FLAG (Sigma), mouse anti-HSP60 (Santa Cruz Biotechnology), mouse anti-GSK3 (Assay Designs), rabbit polyclonal anti-DCX (Cell Signaling Technology), mouse anti-14-3-3␤ (Santa Cruz Biotechnology), mouse anti-hemagglutinin (HA) (Roche), rabbit anti-SnoN (Santa Cruz Biotechnology), and rabbit anti-JNK1 (Santa Cruz Biotechnology). The rabbit anti-phospho-DCX Thr321, Ser327 antibody has been described previously (Gdalyahu et al., 2004) . The following pharmacological agents were used: 6Јbro-moindirubin-3Ј-oxime (also known as BIO) (Calbiochem), MG132 (carbobenzoxy-L-leucyl-L-leucyl-L-leucinal) (Sigma), and SP600125 (anthra[1,9-cd]pyrazol-6(2 H)-one) (Sigma).
In vitro kinase assay. Kinase assays examining the phosphorylation of bacterially produced GST-DCX by GSK3␤ (New England Biolabs) were performed sequentially. The GST-DCX substrates, bound to glutathione Sepharose beads, were first primed in a kinase reaction with FLAG-JNK1 purified from HEK293T cells, then washed with high salt to remove the JNK, and finally subjected to a GSK3␤ kinase assay using [␥- 32 P]ATP. The JNK reaction was performed under the following conditions (in mM): 20 HEPES, pH 7.4, 20 MgCl 2 , 1 dithiothreitol, 0.1 sodium orthovanadate, 100 ␤-glycerolphosphate, and 10 nonradiolabeled ATP (for 3 h at 30°C). The GSK3␤ reaction was performed under the following conditions: 20 mM Tris-HCl, 10 mM MgCl 2 , 5 mM dithithreitol, 200 M nonradiolabeled ATP, and 10 Ci [␥-32 P]ATP, for 30 min at 30°C. Approximately 500 ng of substrate was incubated with 250 U of the GSK3␤ kinase.
The FLAG-JNK1 purified from HEK293T cells was activated by UV irradiation 30 min before lysis. Lysates were subjected to immunoprecipitation using agarose beads conjugated to the FLAG antibody (Sigma), washed in high salt, and eluted with 3ϫ FLAG peptide (Sigma).
Statistics. Statistical analyses were performed using Statview and Excel software. Error bars on bar graphs denote SEM. The t test was used to evaluate significance of comparisons in experiments with only two groups. ANOVA was performed followed by Fisher's post hoc least significant difference (PLSD) test for pairwise comparisons in experiments with more than two groups. Except when indicated otherwise, asterisks on bar graphs denote statistical significance in comparisons with the control condition: *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results

JIP3 restricts axon branching in cerebellar granule neurons
To investigate the role of the signaling protein JIP3 in axon morphogenesis, we characterized JIP3 function in granule neurons of the cerebellar cortex. Granule neurons represent a robust model system for elucidation of the molecular underpinnings of neuronal morphogenesis (Altman and Bayer, 1997; Hatten, 1999) . Granule neuron precursors differentiate into postmitotic neurons within the external granule layer (EGL). Newly generated granule neurons extend axons that continue to grow as the granule neuron somas descend into the internal granule layer (IGL). Granule neuron axons form characteristic T-shaped structures, composed of an ascending axon and two major parallel fiber branches that run in the molecular layer (ML) along the coronal plane of the cerebellar cortex, in which they participate in en passant synapses with Purkinje neuron dendrites (Ramon y Cajal, 1995; Altman and Bayer, 1997) . Typically, parallel fiber axons give rise to at most one more branch in the ML (Ramon y Cajal, 1995). The morphological characteristics of granule neuron axons make these neurons ideal for unraveling the mechanisms that restrict axon branching.
To determine JIP3 function in neuronal morphogenesis, we used a plasmid-based method of RNAi to acutely knockdown JIP3 (Gaudillière et al., 2002) . Expression of shRNAs targeting JIP3 (U6/JIP3i) substantially reduced the levels of both exogenous JIP3 in heterologous cells and endogenous JIP3 in granule neurons ( Fig. 1 A) . We transfected granule neurons with the U6/ JIP3i RNAi or control U6 plasmid together with a GFP expression plasmid, the latter to visualize granule neuron morphology. Axons and dendrites of granule neurons are easily identified based on their characteristic morphological features and expression of axon-or dendrite-specific markers (Gaudillière et al., 2004; Konishi et al., 2004) . Control primary granule neurons transfected with the control U6 plasmid harbored characteristic morphological features of granule neurons in the cerebellar cortex, including multiple short, branched dendrites and long axons bearing few or no branches (Fig. 1 B) . Strikingly, we found that JIP3 knockdown triggered exuberant branching of axons in granule neurons (Fig. 1 B) . Axons in JIP3 knockdown granule neurons had excessive branches, which were often in the distal portions of the axon (Fig. 1 B) . The JIP3 knockdown-induced branching in the distal axon correlated with the spatial pattern of JIP3 expression in granule neurons. Both exogenous GFP-JIP3 and endogenous JIP3 were enriched in the distal portion of the axon in granule neurons (supplemental Fig. S1 A, B, available at www. jneurosci.org as supplemental material). Remarkably, axon branches in JIP3 knockdown neurons also failed to avoid selfcontact compared with axon branches in control granule neurons ( Fig. 1 B) . Quantification revealed an approximately threefold increase in the number of axonal tips in JIP3 knockdown granule neurons compared with control U6-transfected neurons (Fig. 1C ). In addition, JIP3 knockdown increased by fivefold the number of axon self-contact events in granule neurons (Fig. 1C) . In other analyses, we found that JIP3 knockdown led to reduction in axon length (supplemental Fig. S2 A, available at www.jneurosci.org as supplemental material), suggesting the JIP3 RNAi-induced phenotype of increased axon branching is not attributable to a general increase in axon growth. We also found that JIP3 RNAi had little or no effect on dendrite length in granule neurons (supplemental Fig. S2 B, available at www. jneurosci.org as supplemental material). Collectively, our data suggest that JIP3 knockdown stimulates axon branching and selfcontact in neurons.
To confirm that the JIP3 RNAi-induced axon branching and self-contact phenotype is attributable to specific knockdown of JIP3 rather than off-target effects of JIP3 shRNAs or nonspecific activity of the RNAi machinery, we performed a rescue experiment. We designed an expression plasmid encoding an RNAiresistant rescue form of the JIP3 (JIP3-RES). JIP3 RNAi induced knockdown of FLAG-JIP3 encoded by wild-type cDNA (WT) but failed to effectively induce knockdown of FLAG-JIP3-RES in cells (Fig. 1 D) . In morphology assays, expression of FLAG-JIP3-RES reversed the JIP3 RNAi-induced phenotypes of axon branching and self-contact ( Fig. 1 E, F ) . These results suggest that the JIP3 RNAi-induced axon branching phenotype is the result of specific knockdown of JIP3 in granule neurons. Further corroborating these data, knockdown of JIP3 by two additional shRNAs targeting distinct regions of JIP3 robustly induced axon branching and increased axon self-contact, thus mimicking the effect of shRNAs encoded by the U6/JIP3 RNAi plasmid (Fig. 1G,H ) (supplemental Fig. S3A -C, available at www.jneurosci.org as supplemental material). Collectively, our data suggest that JIP3 plays a specific and essential role in the suppression of axon branching and may promote axon self-avoidance.
JIP3 suppresses axon branching in the cerebellar cortex in vivo
Having established that endogenous JIP3 inhibits axon branching in primary granule neurons, we next determined the cellautonomous function of JIP3 in the context of the intact cerebellar cortex. We first assessed the effect of JIP3 knockdown in organotypic cerebellar slices (Fig. 2 A) . Using a biolistics approach, we transfected cerebellar slices from P9 rat pups with the U6/JIP3i RNAi or control U6 plasmid together with the GFP expression plasmid. After 4 d, cerebellar slices were subjected to immunohistochemistry using the GFP antibody. Granule neurons in the IGL were analyzed. Granule neurons in cerebellar slices transfected with the control U6 plasmid harbored normal axons that lacked branch points beyond the initial bifurcation of the parallel fibers (Fig. 2 B) . In contrast, granule neuron axons in JIP3 knockdown slices displayed ectopic axon branches (Fig. 2 B) . Quantification of these results revealed an approximately fourfold increase in the percentage of granule neuron axons bearing ectopic branches in JIP3 knockdown cerebellar slices compared with control U6-transfected slices (Fig. 2C) . These results suggest that JIP3 suppresses axon branching in the cerebellar cortex.
We next determined the role of JIP3 in axon morphogenesis in the rat cerebellum in vivo. Using an in vivo electroporation method (Fig. 2 D) , we introduced a U6/JIP3i RNAi plasmid that also encodes GFP (U6/JIP3i-cmvGFP) or the corresponding control plasmid (U6 -cmvGFP) into P3 rat pups. Animals were killed 5 d after electroporation, at P8. Cerebellar sections were subjected to immunohistochemistry using the GFP antibody and also labeled with the DNA dye bisbenzimide (Hoechst 33258). A clear delineation of the EGL, ML, and IGL was observed in the cerebellar sections (Fig. 2 D) . GFP-positive granule neuron somata were found in the IGL and possessed the characteristic T-shaped parallel fiber axons in the ML (Fig. 2 D) . Examination of the GFP-positive axons in the ML revealed that JIP3 knockdown triggered the formation of ectopic branches in parallel fibers (Fig. 2 E) . Although the majority of parallel fiber axons in control animals had few protrusions as they coursed through the ML, parallel fiber axons in JIP3 knockdown animals displayed frequent ectopic branches (Fig.  2 E) . Quantification of these results revealed an approximately sevenfold increase of the number of ectopic parallel fiber branches in JIP3 knockdown animals compared with control animals (Fig.  2 F) . These results demonstrate that JIP3 acts cell autonomously to suppress axon branching in the mammalian brain in vivo.
GSK3␤ mediates JIP3 restriction of axon branching
The identification of a function for JIP3 in the control of axon branching morphogenesis led us to ask how JIP3 suppresses the formation of axon branches. The JIP3-associated protein kinases JNKs and focal adhesion kinase (FAK) have reported roles in axon growth (Ito et al., 1999; Kelkar et . Surprisingly, we found that antibodies, the latter serving as a loading control. Right, Lysates of granule neurons nucleofected with the U6/JIP3i or control U6 RNAi plasmid together with a GFP expression plasmid were immunoblotted using the JIP3 and GFP antibodies, the latter serving as a control for loading and transfection efficiency. B, Granule neurons transfected with the U6/JIP3i or control U6 RNAi plasmid together with the GFP expression plasmid were fixed 4 d after transfection and subjected to immunocytochemistry using the GFP antibody. For each representative image, boxed regions in the left panel highlight the distal axon, which is shown at higher magnification in the right panel. In all images of this type, arrows indicate dendrites, asterisks the soma, and arrowheads the axon. Scale bars, 50 m. JIP3 knockdown triggered the formation of exuberant axon branches. C, Quantification of axon branching of granule neurons treated as in B. JIP3 knockdown significantly increased the number of axonal tips per hundred micrometers (t test, p Ͻ 0.001) and the number of axonal self-contact points per hundred micrometers (t test, p Ͻ 0.001). A total of 160 neurons were measured. Error bars here and in all subsequent bar graphs denote ϩSEM. Except when indicated otherwise, in all figures asterisks on bar graphs denote statistical significance compared with the control condition: *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001. D, Lysates of HEK293T cells transfected with FLAG-JIP3 encoded by wild-type cDNA (WT) or an RNAi-resistant cDNA (RES) and the U6/JIP3i or control U6 RNAi plasmid were immunoblotted using the FLAG and HSP60 antibodies. JIP3 knockdown decreased levels of FLAG-JIP3 but not FLAG-JIP3-RES. E, Granule neurons transfected with the FLAG-JIP3-RES or control vector expression plasmid and the U6/JIP3i or control U6 RNAi plasmid together with the GFP expression plasmid were analyzed as in B. Scale bars, 50 m. F, Quantification of axon branching of granule neurons treated as in E. In the vector background, JIP3 knockdown significantly increased the number of axonal tips per hundred micrometers (ANOVA followed by Fisher's PLSD test, p Ͻ 0.001) and the number of axonal self-contact points per hundred micrometers (ANOVA followed by Fisher's PLSD test, p Ͻ 0.001). In the background of JIP3 knockdown, expression of FLAG-JIP3-RES, compared with the corresponding vector, significantly decreased the number of axonal tips per hundred micrometers (ANOVA followed by Fisher's PLSD test, p Ͻ 0.001) and the number of axonal self-contact points per hundred micrometers (ANOVA followed by Fisher's PLSD test, p Ͻ 0.001). A total of 225 neurons were measured. G, Left, Lysates of HEK293T cells transfected with the FLAG-JIP3 expression plasmid and the pmMKO.1/JIP3i or control pmMKO.1 RNAi plasmid were immunoblotted using the FLAG and GFP antibodies. Right, Lysates of granule neurons nucleofected with the pmMKO.1/JIP3i or control pmMKO.1 RNAi plasmid were immunoblotted using the JIP3 and AKT antibodies, the latter serving as a loading control. H, Quantification of axon branching of granule neurons transfected with the pmMKO.1/JIP3i or control pmMKO.1 RNAi plasmid together with the GFP expression plasmid, analyzed as in B. Knockdown of JIP3 with this second hairpin increased the number of axonal tips per hundred micrometers (t test, p Ͻ 0.001) and the number of axonal self-contact points per hundred micrometers (t test, p Ͻ 0.001). A total of 156 neurons were measured.
knockdown of JNKs or FAK failed to induce axon branching in granule neurons (Fig. 3A-F ) . These data suggest that JIP3 suppresses axon branching independently of JNKs and FAK.
The protein kinase GSK3␤ has been implicated in the control of axon branching in mammalian neurons (Kim et al., 2006; Zhao et al., 2009 ). We therefore asked whether GSK3␤ might mediate the ability of JIP3 to inhibit axon branching. We first characterized the expression pattern of GSK3␤ in primary granule neurons. Both GFP-GSK3␤ and endogenous GSK3␤ were expressed throughout the cytoplasm, including the axon (supplemental Fig. S1C ,D, available at www.jneurosci.org as supplemental material). Consistent with a role for GSK3␤ in JIP3 control of axon branching, we found that GSK3␤ protein levels were diminished in granule neurons during JIP3 knockdown (Fig. 4A) . Interestingly, JIP3 knockdown had little or no effect on the abundance of GSK3␣ (Fig.  4 A) , suggesting that JIP3 specifically controls the abundance of GSK3␤ in neurons.
We next investigated the mechanism by which JIP3 controls the abundance of GSK3␤ in neurons. We first tested whether JIP3 knockdown induces the proteasome-dependent degradation of GSK3␤ in neurons. Incubation of granule neurons with the proteasome inhibitor MG132 failed to restore the levels of GSK3␤ in neurons during JIP3 knockdown (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). These results suggest that JIP3 does not appear to stabilize GSK3␤ protein in neurons. We next assessed the role of JIP3 in the regulation of GSK3␤ gene expression. We found that JIP3 knockdown significantly reduced GSK3␤ mRNA levels in neurons, as monitored by real-time RT-PCR analyses (Fig. 4 B) . Together, these results suggest that JIP3 stimulates GSK3␤ gene expression in neurons.
To characterize the role of GSK3␤ in JIP3 control of axon branching morphogenesis, we first assessed the effect of GSK3␤ knockdown on axon morphology of granule neurons. Expression of two shRNAs targeting distinct regions of GSK3␤ (U6/GSK3␤i1 and U6/GSK3␤i2) induced specific knockdown of endogenous GSK3␤ but not GSK3␣ in granule neurons (Fig. 4C) . In morphology assays, GSK3␤ knockdown induced exuberant axon branching in granule neurons (Fig. 4 D) . GSK3␤ knockdown substantially increased both the number of axon branch tips and axon self-contact points in neurons (Fig. 4 E) . These data suggest that GSK3␤ knockdown phenocopies the effect of JIP3 knockdown on axon branch morphogenesis.
To further compare the effect of inhibition of JIP3 or GSK3␤ on axon branching, we performed time-lapse analyses of JIP3 knockdown and GSK3␤ knockdown neurons. Primary granule neurons transfected with the U6/JIP3i, U6/GSK3␤i2, or control U6 plasmid were imaged at 15 min intervals for a 2 d period Figure 2 . JIP3 suppresses axon branching in the cerebellar cortex in vivo. A, Schematic of cerebellar slice depicting organization of the cerebellar cortex, including the external granule layer/molecular layer (EGL/ML), the Purkinje cell layer (PL), and the internal granule layer (IGL). B, P9 rat cerebellar slices were transfected at DIV4 with the U6/JIP3i or control U6 RNAi plasmid together with the GFP expression plasmid, fixed 4 d later at DIV8, and subjected to immunohistochemistry using the GFP antibody. Top panels show examples of transfected granule neurons in each condition. Arrows indicate dendrites, asterisks the soma, and arrowheads the parallel fiber axon. Bottom panels show high-magnification images of distal axons in each condition. Arrows in bottom panels point to ectopic branches observed upon JIP3 knockdown. Scale bars, 25 m. C, Quantification of slices treated as in B. JIP3 knockdown significantly increased the percentage of parallel fibers bearing one or more ectopic branches (t test, p Ͻ 0.05; n ϭ 3). D, Left, Schematic of in vivo electroporation paradigm. Briefly, P3 rat pups were injected with DNA at the outer layer of the cerebellum and electroporated. Five days after electroporation, pups were killed and coronal cerebellar sections were subjected to immunohistochemistry using the GFP antibody. Right, Panels show a control section, with the EGL, ML, and IGL identified by Hoechst staining of nuclei. Overlay of GFP staining and Hoechst reveals that the majority of electroporated neurons reside in the IGL and extend axonal processes through the ML. E, High-magnification views of individual GFP-positive parallel fibers in the ML of U6 -cmvGFP-or U6/JIP3i-cmvGFP-electroporated cerebella. Arrows indicate ectopic branches from the primary axonal fiber. Scale bar, 5 m. F, Quantification of parallel fiber ectopic branches in the cerebellar cortex in control and JIP3 knockdown animals. The number of ectopic branches in parallel fibers was significantly increased in JIP3 knockdown animals compared with control animals (t test, p Ͻ 0.001). Measurements were collected from a total of 11 animals.
beginning 24 h after transfection. The temporal analysis of axon morphogenesis allowed the assessment of the type of branching induced by JIP3 knockdown and GSK3␤ knockdown. Two modes of axon branching have been described (Acebes and Ferrú s, 2000) . In the first mode, the primary growth cone splits into two smaller growth cones, which then grow apart. In the second mode, a branch emerges from the neurite shaft after the primary growth cone has grown past the branch site. The latter mode of branching has been coined "backbranching" (Harris et al., 1987) . We observed that the majority of axon branches in primary granule neurons were generated via backbranching (supplemental Fig. S5 A, B , available at www.jneurosci.org as supplemental material). Importantly, we found little or no difference in the percentage of branches formed by backbranching in JIP3 knockdown, GSK3␤ knockdown, or control U6-transfected neurons (supplemental Fig. S5A ,B, available at www.jneurosci.org as supplemental material). These data further corroborate the conclusion that GSK3␤ knockdown phenocopies the effect of JIP3 knockdown on axon branching.
We next tested whether concurrent inhibition of JIP3 and GSK3␤ in granule neurons produces an additive effect on axon branching. We found that simultaneous knockdown of JIP3 and GSK3␤ did not lead to an additive effect on axon branching. Accordingly, the number of axon branch tips and self-contact points in neurons in which both JIP3 and GSK3␤ were knocked down were indistinguishable from those in JIP3 or GSK3␤ knockdown (Fig. 4 F) . These data support a model whereby JIP3 and GSK3␤ may act in a shared pathway to regulate axon branching and self-contact.
DCX is a novel substrate of GSK3␤ in neurons
We next determined the mechanism by which GSK3␤ regulates axon branching and self-contact in neurons. Because GSK3␤ is a protein kinase, we sought to identify the substrate of GSK3␤ that mediates its ability to suppress axon branching and selfcontact. We reasoned that a physiologically relevant substrate of GSK3␤ should harbor conserved putative sites of GSK3 phosphorylation and should be intimately linked to the regulation of microtubule dynamics and the control of branching. The neuronal microtubule-associated protein DCX fulfills both criteria. DCX is enriched in the growth cone and suppresses neurite branching (Gdalyahu et al., 2004; Schaar et al., 2004; Kappeler et al., 2006; Friocourt et al., 2007) . Consistent with these observations, endogenous DCX was enriched in the distal portion of the axon compared with the proximal portion of the axon in granule neurons (supplemental Fig. S1 E, available at www.jneurosci. org as supplemental material). In addition, DCX has a conserved putative site of GSK3␤ phosphorylation at Ser327 (Fig.  5B) . We therefore asked whether GSK3␤ catalyzes the phosphorylation of DCX and thereby regulates axon branching morphogenesis.
To assess the ability of GSK3 to phosphorylate DCX, we performed an in vitro kinase assay using purified recombinant GSK3␤, recombinant DCX protein, and radiolabeled [␥-32 P]ATP, the latter to detect the phosphorylation of DCX. Because GSK3␤ phosphorylates substrates that are primed by another phosphorylation event, we determined the ability of GSK3␤ to phosphorylate DCX that was already subjected to a priming in vitro kinase reaction. Because the protein kinase JNK phosphorylates and regulates DCX (Gdalyahu et al., 2004) and because JNK can serve as the priming kinase for other GSK3␤ substrates (Sharfi and EldarFinkelman, 2008; Morel et al., 2009 ), we used JNK as the priming kinase in our assays. Recombinant DCX was subjected to an in vitro kinase assay using immunoprecipitated JNK1 and nonradiolabeled ATP before the in vitro kinase assay with recombinant GSK3␤. We found that GSK3␤ robustly phosphorylated DCX primed with JNK (Fig. 5A) . Importantly, GSK3␤ failed to induce Figure 3 . JNK knockdown or FAK knockdown do not appear to induce axon branching or self-contact. A, Left, Lysates of HEK293T cells transfected with the FLAG-JNK1 expression plasmid and the pSuper/JNK1,2i or control pSuper RNAi plasmid were immunoblotted using the FLAG and 14-3-3␤ antibodies. Right, Lysates of HEK293T cells transfected with the FLAG-JNK2 expression plasmid and the pSuper/JNK1,2i or control pSuper RNAi plasmid were immunoblotted using the FLAG and 14-3-3␤ antibodies. B, Granule neurons transfected with the pSuper/JNK1,2i or control pSuper RNAi plasmid together with the GFP expression plasmid were analyzed as in Figure 1 B. Scale bars, 50 m. C, Quantification of axon branching of granule neurons treated as in B. JNK knockdown did not significantly alter either the number of axonal tips or the number of axonal self-contact points per hundred micrometers. A total of 149 neurons were measured. D, Lysates of HEK293T cells transfected with the HA-FAK expression plasmid and the U6/FAKi1, U6/FAKi2, or control U6 RNAi plasmid were immunoblotted using the HA and GFP antibodies. E, Granule neurons transfected with the U6/FAKi1, U6/FAKi2, or control U6 plasmid together with the GFP expression plasmid were analyzed as in Figure 1 B. Scale bars, 50 m. F, Quantification of axon branching of granule neurons treated as in E. FAK knockdown with either hairpin did not significantly alter the number of axonal tips or the number of axonal self-contact points per hundred micrometers. A total of 232 neurons were measured.
the phosphorylation of DCX primed with kinase-inactive JNK1 (Fig. 5A) . Because the priming reaction was performed with nonradiolabeled ATP and JNK1 was washed away from the substrate under high-salt conditions, all 32 P incorporation observed on the autoradiogram is derived from the GSK3␤ reaction. Consistent with this interpretation, DCX primed with JNK1 did not show 32 P incorporation in the absence of GSK3␤ (Fig. 5A) . In addition, immunoblotting analyses of samples after high-salt washes confirmed the successful deletion of JNK1 (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material). Together, these results demonstrate that GSK3␤ phosphorylates DCX in vitro and that DCX represents a novel primed substrate of GSK3␤.
Remarkably, the putative GSK3␤ site of phosphorylation, Ser327, in DCX lies four amino acids N-terminal to Ser331, which is an established site of JNK-induced phosphorylation (Fig. 5B) (Gdalyahu et al., 2004) . In the in vitro kinase assays, we found that mutation of Ser327 in recombinant DCX reduced substantially the ability of recombinant GSK3␤ to phosphorylate DCX primed with JNK (Fig. 5C ). These results reveal that Ser327 represents a major site of GSK3␤-induced phosphorylation of DCX in vitro.
We next measured the ability of GSK3␤ to phosphorylate DCX in cells. We found that expression of GSK3␤ induced the phosphorylation of coexpressed DCX in HEK293T cells, as monitored by a mobility shift in DCX (Fig. 5D) . Expression of a kinase-inactive mutant of GSK3␤, in which the ATP binding site Lys85 is replaced with Ala, failed to induce the phosphorylation of DCX in cells (Fig.  5D) . Importantly, GSK3␤ failed to induce the phosphorylation of the DCX S327A mutant protein in cells, as reflected by the absence of the mobility shift of DCX S327A during coexpression with GSK3␤ (Fig. 5E) . We also used a phospho-DCX antibody, which was raised to recognize DCX that is phosphorylated at Ser327 or Thr321, to independently assess the ability of GSK3␤ to phosphorylate DCX in cells. Immunoblotting analyses using phospho-DCX antibody revealed that GSK3␤ induced the phosphorylation of Figure 4 . GSK3␤ mediates JIP3 restriction of axon branching. A, Lysates of granule neurons nucleofected with the U6/JIP3i or control U6 RNAi plasmid were immunoblotted with the JIP3 and GSK3 antibodies. 14-3-3␤ served as the loading control. Knockdown of JIP3 reduced the levels of GSK3␤ but not GSK3␣ in neurons. B, RT-PCR was performed to quantify the relative mRNA abundance of GSK3␤ in granule neurons nucleofected with the U6/JIP3i or control U6 RNAi plasmid. Relative mRNA abundance was calculated for the U6/JIP3i condition relative to the U6 condition, normalized by GAPDH. Knockdown of JIP3 significantly decreased the relative levels of GSK3␤ mRNA (t test, p Ͻ 0.05). C, Lysates of granule neurons nucleofected with the U6/GSK3␤i1, U6/GSK3␤i2, or control U6 RNAi plasmid were immunoblotted with the GSK3 and HSP60 antibodies. GSK3␤ RNAi induced knockdown of GSK3␤ but not GSK3␣ in neurons. D, Granule neurons transfected with the U6/GSK3␤i1, U6/GSK3␤i2, or control U6 RNAi plasmid together with the GFP expression plasmid were analyzed as in Figure 1 B. Scale bars, 50 m. GSK3␤ knockdown triggered the formation of exuberant axon branches. E, Quantification of axon branching of granule neurons treated as in D. For either hairpin, the number of axonal tips and the number of axonal self-contact points per hundred micrometers were both significantly increased in GSK3␤ knockdown neurons compared with control U6-transfected neurons (ANOVA followed by Fisher's PLSD test, p Ͻ 0.001 for all). A total of 257 neurons were measured. F, Granule neurons transfected with the U6/JIP3i, U6/ GSK3␤i2, or both RNAi plasmids or the control U6 RNAi plasmid together with the GFP expression plasmid were analyzed as in Figure 1 B. Knockdown of either JIP3 or GSK3␤ alone significantly increased the number of axonal tips and the number of axonal 4 self-contact points per hundred micrometers (ANOVA followed by Fisher's PLSD test, p Ͻ 0.01 or p Ͻ 0.001 as specified by asterisks). Knockdown of JIP3 and GSK3␤ together did not increase the number of axonal tips or self-contact points compared with knockdown of JIP3 or GSK3␤ alone. A total of 273 neurons were measured.
wild-type DCX but not the DCX S327A mutant protein in HEK293T cells (Fig. 5E) . Thus, the GSK3␤-induced phosphorylation signal is Ser327 dependent. Together, these results show that GSK3␤ phosphorylates DCX at Ser327 in cells. In addition, these results show that the phospho-DCX antibody recognizes Ser327-phosphorylated DCX.
We next determined the importance of endogenous GSK3␤ in mediating the phosphorylation of DCX at Ser327 in neurons. First, immunoblotting analyses of lysates of granule neurons using the DCX antibody revealed that endogenous DCX is phosphorylated in granule neurons, as reflected by a mobility shift that is sensitive to treatment of lysates with -phosphatase (Fig. 5F ). Incubation of granule neurons with the GSK3 inhibitor lithium chloride (LiCl) dramatically reduced the phosphorylation of DCX in neurons, as observed by immunoblotting with the DCX antibody (Fig. 5G) . Using the phospho-DCX antibody, we found that inhibition of GSK3 by LiCl also robustly reduced the phosphorylation of DCX at Ser327 (Fig. 5H ) . Likewise, incubation of granule neurons with the selective GSK3 inhibitor BIO dramatically reduced the phosphorylation of DCX in neurons, as determined by immunoblotting with the DCX antibody or phospho-DCX antibody (Fig. 5I ) . These results suggest that endogenous GSK3␤ induces the phosphorylation of DCX at Ser327 in neurons. Collectively, our experiments in vitro, in heterologous cells, and in neurons demonstrate that DCX is a novel bona fide substrate of GSK3␤.
GSK3␤/DCX signaling restricts axon branching
Having established DCX as a substrate of GSK3␤, we next ascertained the role of the GSK3␤/DCX signaling link in the control of axon branch morphogenesis in neurons. We first tested the effect of DCX knockdown on axon branch morphology in granule neurons. Expression of DCX shRNAs (psiStrike/DCXi) reduced the levels of endogenous DCX in granule neurons (Fig. 6 A) . In morphology assays, we found that DCX knockdown triggered excessive branching of axons compared with neurons transfected with the control psiStrike/Ctrl RNAi plasmid (Fig. 6 B) . Quantification revealed that DCX knockdown led to a greater than twofold increase in both the number of axon tips and selfcontact points in neurons (Fig. 6C) . These results suggest that DCX knockdown phenocopies the effect of JIP3 knockdown and GSK3␤ knockdown on axon branch morphology in neurons. Thus, DCX may operate in a shared pathway with JIP3 and GSK3␤ to suppress axon branching and self-contact in neurons. In agreement with this conclusion, simultaneous knockdown of DCX with JIP3 knockdown or GSK3␤ knockdown did not have an additive effect on axon branching (Fig. 6 D, E) . In addition, overexpression of DCX suppressed the JIP3 knockdown-and GSK3␤ knockdown-induced axon branching and self-contact phenotypes (supplemental Fig. S7A-D , available at www.jneurosci. org as supplemental material). Together, these data suggest that DCX operates downstream of GSK3␤ in the control of axon branching morphogenesis.
We next determined whether the GSK3␤-induced phosphorylation of DCX at Ser327 regulates axon branching and selfcontact. Because the DCX shRNAs target the 3Ј untranslated region of DCX, we used DCX encoded by wild-type cDNA to rescue the DCX RNAi-induced phenotype (Bai et al., 2003; Friocourt et al., 2007) . Expression of WT DCX-IRES-GFP significantly diminished the DCX RNAi-induced increase in axon Figure 5 . GSK3␤ phosphorylates DCX at Ser327. A, Sequential in vitro kinase assay. Bacterially purified GST-DCX bound to glutathione beads was first primed with wild-type (WT) or kinase dead (KD) FLAG-JNK1 purified from HEK293T cells. After high-salt washes to remove JNK, GST-DCX was subjected to a kinase assay with GSK3␤ and radiolabeled ATP. The top panel shows 32 P incorporation, and the bottom panel shows Coommassie blue staining. Asterisk denotes a likely degradation product of GST-DCX. GSK3␤ robustly phosphorylates DCX in vitro. B, Alignment of human, rat, and mouse DCX protein sequences in the vicinity of a candidate GSK3 phosphorylation site corresponding to human DCX Ser327. C, In vitro GSK3␤ kinase assay for JNKprimed WT or S327A GST-DCX, performed as in A. The top panel shows 32 P incorporation, and the bottom panel shows Coommassie blue staining. Asterisk denotes a likely degradation product of GST-DCX. D, Lysates of HEK293T cells transfected with the WT HA-GSK3␤, kinase-dead HA-GSK3␤, or control vector and FLAG-DCX expression plasmids together with the GFP expression plasmid were immunoblotted using the FLAG, HA, and GFP antibodies. E, Lysates of HEK293T cells transfected with the WT HA-GSK3␤ or control vector and the WT FLAG-DCX or S327A FLAG-DCX expression plasmids were immunoblotted using the p-DCX, FLAG, and HA antibodies. GSK3␤ induces the phosphorylation of DCX at Ser327 in cells. F, Granule neuron lysates treated with or without lambda phosphatase were immunoblotted using the DCX, phospho-AKT, and AKT antibodies, the last two serving as controls for the phosphatase treatment and loading, respectively. G, Lysates of granule neurons treated for 24 h with 2 mM NaCl (Control) or 2 mM LiCl were immunoblotted using the DCX and 14-3-3␤ antibodies. H, Lysates of granule neurons treated for 56 h with 2 mM NaCl (Control) or 2 mM LiCl were immunoblotted using the p-DCX and 14-3-3␤ antibodies. Endogenous DCX is phosphorylated at Ser327 in a GSK3␤-dependent manner in neurons. I, Lysates of granule neurons treated for 16 h with 200 nM BIO, a selective inhibitor of GSK3, or the vehicle control DMSO were immunoblotted using the p-DCX, DCX, and HSP60 antibodies. Endogenous DCX is phosphorylated at Ser327 in a GSK3␤-dependent manner in neurons.
tips and self-contact points (Fig. 6G,H ) . These results suggest that the DCX RNAiinduced axon branching and self-contact phenotype is the result of specific knockdown of DCX in neurons and provided us with the means to test the role of phosphorylation of DCX at Ser327 in the ability of DCX to inhibit axon branching and self-contact. We found that S327A DCX-IRES-GFP was not as effective as WT DCX-IRES-GFP in reducing the number of axon tips and self-contact points in granule neurons in the background of DCX RNAi (Fig. 6G,H ) . In control experiments, we confirmed that S327A DCX-IRES-GFP and WT DCX-IRES-GFP are expressed at similar levels (Fig. 6 F) . These results suggest that DCX phosphorylation by GSK3␤ at Ser327 contributes to the control of axon branching and selfcontact. Collectively, our study shows that a GSK3␤/DCX signaling link regulated by JIP3 controls axon branch morphogenesis in mammalian brain neurons.
Discussion
We have uncovered a novel signaling pathway that cell autonomously controls axon branching morphogenesis in the mammalian brain. There are several major findings in this study.
(1) The neuronenriched signaling protein JIP3 inhibits axon branching and self-contact in granule neurons of the cerebellar cortex. (2) JIP3 restricts branching of granule neuron parallel fiber axons in the cerebellar cortex in cerebellar slices and in postnatal rat pups in vivo. (3) JIP3 regulates the expression of the protein kinase GSK3␤ in neurons, which in turn inhibits axon branching and axon self-contact. (4) GSK3␤ phosphorylates the microtubule-associated protein DCX at Ser327 in neurons and thereby inhibits axon branching and self-contact. These findings define a JIP3-regulated GSK3␤/DCX signaling pathway that restrains axon branching and may promote axon self-avoidance.
The identification of the JIP3-regulated GSK3␤/DCX signaling pathway reveals that neurons harbor mechanisms that actively restrict axon branching. Although mechanisms that restrict branches at existing axon terminal arbors or collateral branch sites are beginning to be characterized (Cohen-Cory and Fraser, 1995; Weimann et al., 1999; Livet et al., 2002; Bagri et al., 2003; Homma et al., 2003) , mechanisms that actively repress branching in locations in which axons are unbranched remained to be identified. Granule neuron axons branch infrequently. Although all granule neurons have a bifurcated parallel fiber axon, the bifurcation does not represent true branching, because it results from the coordinated fusion of two bipolar axons and the descent of the soma during neuronal migration. Thus, granule neurons provided us with an ideal model system for the study of cellintrinsic mechanisms that actively suppress axon branching. It will Figure 6 . GSK3␤/DCX signaling restricts axon branching. A, Lysates of granule neurons nucleofected with the psiStrike/DCXi or psiStrike/Ctrl RNAi plasmid were immunoblotted using the DCX and HSP60 antibodies. B, Granule neurons transfected with the psiStrike/DCXi orpsiStrike/CtrlRNAiplasmidtogetherwiththeGFPexpressionplasmidwereanalyzedasinFigure1B.Scalebars,50m.DCXknockdown triggered the formation of exuberant axon branches. C, Quantification of axon branching of neurons treated as in B. The number of axonal tipsandthenumberofaxonalself-contactpointsperhundredmicrometerswerebothsignificantlyincreasedduringDCXknockdown(ttest, p Ͻ 0.001 for both). A total of 166 neurons were measured. D, Granule neurons transfected with the JIP3 RNAi, DCX RNAi, or both RNAi plasmidsorthecontrolRNAiplasmidstogetherwiththeGFPexpressionplasmidwereanalyzedasinFigure1B.KnockdownofeitherJIP3or DCXalonesignificantlyincreasedthenumberofaxonaltipsperhundredmicrometers(ANOVAfollowedbyFisher'sPLSDtest,pϽ0.001for both). Knockdown of JIP3 and DCX together did not significantly increase axon branching compared with knockdown of JIP3 or DCX alone. Atotalof292neuronsweremeasured.E,GranuleneuronstransfectedwiththeGSK3␤RNAi,DCXRNAi,orbothRNAiplasmidsorthecontrol RNAi plasmids together with the GFP expression plasmid were analyzed as in Figure 1B . Knockdown of either GSK3␤ or DCX alone significantlyincreasedthenumberofaxonaltipsperhundredmicrometers(ANOVAfollowedbyFisher'sPLSDtest,pϽ0.05orpϽ0.01as specified by asterisks). Knockdown of GSK3␤ and DCX together did not increase axon branching compared with knockdown of GSK3␤ or DCX alone. A total of 264 neurons were measured. F, Lysates of HEK293T cells transfected with the WT DCX-IRES-GFP, S327A DCX-IRES-GFP, or control vector expression plasmid were immunoblotted using the DCX and ␤-catenin antibodies, the latter serving as a loading control. G, Granule neurons transfected with the psiStrike/DCXi plasmid together with the WT DCX-IRES-GFP, S327A DCX-IRES-GFP, or controlvectorexpressionplasmidwereanalyzedasinFigure1B.Scalebars,50m.H,Quantificationofaxonbranchingofneuronstreated asinG.InthebackgroundofDCXknockdown,expressionofeitherWTorS327ADCX-IRES-GFPcomparedwithvectorsignificantlyreduced the number of axonal tips and self-contact points per hundred micrometers (ANOVA followed by Fisher's PLSD test, p Ͻ 0.001 for all). ExpressionofS327ADCX-IRES-GFPdidnotreduceaxonaltipsorself-contactspointsaseffectivelyasWTDCX-IRES-GFPinthebackground of DCX RNAi (ANOVA followed by Fisher's PLSD test, p Ͻ 0.05 for axonal tips and p ϭ 0.07 for axonal self-contact points). A total of 340 neurons were measured.
